In flowering plants, guidance of the pollen tube to the embryo sac (the haploid female gametophyte) is critical for successful fertilization. The target embryo sac may attract the pollen tube as the final step of guidance in the pistil. We show by laser cell ablation that two synergid cells adjacent to the egg cell attract the pollen tube. A single synergid cell was sufficient to generate an attraction signal, and two cells enhanced it. After fertilization, the embryo sac no longer attracts the pollen tube, despite the persistence of one synergid cell. This cessation of attraction might be involved in blocking polyspermy.
During fertilization in flowering plants, the pollen tube (the male gametophyte) grows to the embryo sac (the female gametophyte) in the pistil and delivers immotile male gametes. As with axons in the developing nervous system, directional growth of the pollen tube cell is controlled by complex interactions with the female reproductive system along its path (1-4). Lipids on the stigma (5, 6) , arabinogalactan proteins in the style (7) (8) (9) , and adhesion of the pollen tube to surrounding tissues (10) all appear to participate in this control. The female sporophytic tissues alone cannot guide the pollen tube to the embryo sac within the ovule; guidance by the target embryo sac itself is required (11) (12) (13) .
In Torenia fournieri, the pollen tube is attracted directly to the embryo sac in vitro (14) , suggesting that the embryo sac produces a diffusible signal. It has been proposed that it is the synergid cell adjacent to the egg cell that attracts the pollen tube, because of its location, appearance, and histochemical properties (15) (16) (17) . Here we used the T. fournieri in vitro system to try to identify the cell responsible for the attraction of the pollen tube to the embryo sac. Torenia fournieri has a naked embryo sac that protrudes from the micropyle of the ovule (18) . In general, the embryo sacs of flowering plants are enclosed within thick layers of ovular tissues. When pollen tubes that grew through a cut style were cocultivated with ovules ( Fig. 1A) , some of the pollen tubes were attracted to the micropylar end of the embryo sac (Fig. 1 , B and C) (14) . Pollen tubes barely collide with the micropylar end of the embryo sac before attraction takes place (14) . Continuous observation of the pollen tube after arrival but before entrance into the embryo sac showed that the tip *To whom correspondence should be addressed. Email: higashi@biol.s.u-tokyo.ac.jp of the growing tube always remained directed toward the micropylar end of the sac, suggesting that the tube is attracted to this region of the sac (Fig. 1D) . The micropylar end corresponds to the entrance site into the embryo sac in T. fournieri (18, 19) and in other flowering plants (15) .
Four gametophytic cells are close to the micropylar end of the embryo sac: the egg cell, two synergid cells, and the central cell ( Fig. 2A) . These cells generally form a female germ unit, which is defined as the minimum number of cells required to accept the contents of the pollen tube and to accomplish double fertilization (20) . Wide variation has been reported in the number and size of the antipodal cells at the opposite pole (21, 22) . In T. fournieri, three antipodal cells are degenerating in the mature embryo sac ( Fig.  2A) (23, 24) . Young embryo sacs with seven immature gametophytic cells do not attract any pollen tube (25) , consistent with the observation in magatama (maa) mutants of Arabidopsis (13) , in which the development of the embryo sac is delayed.
To investigate the contribution of each gametophytic cell to pollen tube attraction, we performed laser ablation. Gametophytic cells of T. fournieri were relatively resistant to an ultraviolet (UV) laser beam, as compared with the sporophytic cells of the ovule. When the nucleus or cytoplasm with its many mitochondria was irradiated by a laser beam, attraction of the pollen tube was not impaired as long as the cell was viable. We found that the plasma membrane was relatively weak in gametophytic cells, and ablation of the targeted cell alone could be performed successfully (Fig. 2, B through D) (26) .
There are a few hundreds ovules in a culture, in which about 35% of embryo sacs are not damaged during excision of the flower and are complete with four intact gametophytic cells. Each gametophytic cell of the complete embryo sac was ablated by a UV laser beam under an inverted microscope at the start of cultivation, and the manipulated embryo sacs were then monitored for 24 hours (Table 1) (27) . Gametophytic cells can be readily distinguished from each other by their morphological characteristics (18) . In our system, which was improved by adding 15% polyethylene glycol 4000 to the medium (19) , almost all complete embryo sacs attracted a pollen tube [98%, n ϭ 49 sacs (Table  1) ]. This frequency was not impaired when 20 to 30 surrounding ovular cells were ablated (100%, n ϭ 30), suggesting that these cells were not necessary for generating the attraction signal.
When the egg cell or the central cell was ablated, attraction was also not affected (94%, n ϭ 37; 100%, n ϭ 10, respectively). These two cells are the female germ cells of the flowering plant, which develop into the embryo and endosperm, respectively, through double fertilization (15 When one synergid cell was ablated, the attraction frequency decreased (71%, n ϭ 37) but did not cease completely. Next, we ablated two gametophytic cells (Table 1) . When both the egg cell and the central cell were ablated, the attraction frequency did not change [93%, n ϭ 14 (Fig. 2E) ]. However, combinations that included the ablation of one synergid cell decreased the frequency (61%, n ϭ 18 for ablation of the egg cell and a synergid cell; 71%, n ϭ 14 for ablation of the central cell and a synergid cell). When two synergid cells were ablated, we found that no embryo sac attracted a pollen tube [0%, n ϭ 77 (Fig. 2F)] . Thus, at least one synergid cell is necessary for pollen tube attraction.
When we left a single gametophytic cell in the embryo sac by ablating three gametophytic cells (Table 1) , the synergid cell attracted pollen tubes [63%, n ϭ 8 ( Fig. 2G)] ; thus, a single synergid cell appears sufficient to generate an attraction signal. A single egg cell or central cell did not attract a pollen tube (0%, n ϭ 20; 0%, n ϭ 18, respectively). When all four gametophytic cells were ablated, pollen tube attraction ceased completely (0%, n ϭ 79). These results of laser ablation indicate that one synergid cell is necessary and sufficient to attract the pollen tube.
It remains unclear whether one or both synergid cells attract the pollen tube. It has been suggested that the two synergid cells differ physiologically (15) (16) (17) . Generally, only one synergid cell degenerates as a result of accepting the contents of the pollen tube. The receptive synergid cell often shows signs of degeneration before pollen tube arrival. In the in vitro T. fournieri system, only one synergid cell breaks down when the pollen tube begins to discharge its contents into the embryo sac (19) . In the above experiments, we showed that the frequency of attraction decreased when one synergid cell was ablated by a laser beam (Table 1 ). This suggests two possibilities: The ability to attract pollen tubes is lowered because of a decrease in the source of the attraction signal, or only one of the two synergid cells attracts the pollen tube. In the former case, the effective range of attraction should be shortened, as mathematically calculated for axon guidance (2, 28) ; the probability that a pollen tube enters the effective range would then be decreased. In the latter case, attraction of the pollen tube should cease only when the synergid cell responsible for the attraction is ablated. To discriminate between these possibilities, we next investigated the frequency of attraction after changing the number of pollen tubes in the culture (Table 2) , in an attempt to increase the likelihood that a pollen tube would enter the effective range of the attraction.
One flower was usually used for each culture; one pollinated style was cocultivated with ovules excised from the same flower. In this condition, most complete embryo sacs attracted pollen tubes normally (98%, n ϭ 49), whereas the embryo sac with an ablated synergid cell attracted pollen tubes less effectively (71%, n ϭ 49). We increased the number of pollen tubes by adding another pollinated style to the culture and found that most embryo sacs with an ablated synergid cell attracted pollen tubes (96%, n ϭ 24). Embryo sacs with ablated two synergid cells attracted no pollen tube, despite the increase in the number of pollen tubes (0%, n ϭ 31), suggesting complete loss of the attracting activ- ity. On the other hand, when the number of pollen tubes was decreased, the frequency of pollen tube attraction decreased not only for embryo sacs with an ablated synergid cell (35%, n ϭ 23) but also for complete embryo sacs (71%, n ϭ 28). These results indicate that the attraction frequency depends on the number of pollen tubes and, moreover, that all embryo sacs with an ablated synergid cell had the ability to attract a pollen tube, although the attraction was less than that of the complete embryo sacs. This suggests that both synergid cells can attract pollen tubes [the probability that only the synergid cell not responsible for the attraction was consistently ablated is below (1/2) 24 Ϸ 10 Ϫ7 ], although it may be that pollen tubes are more effectively attracted by the existence of two synergid cells in the embryo sac.
Embryo sacs with an ablated synergid cell were able to attract pollen tubes. This raised the question of whether the one synergid cell remaining after fertilization could attract pollen tubes. We previously showed that a fertilized embryo sac did not attract a pollen tube (14) . However, we could find no difference between fertilized embryo sacs and embryo sacs in which one synergid cell was disrupted during cultivation, due to the persistent low frequency of attraction in culture. Because most embryo sacs with one ablated synergid cell could attract a pollen tube when two pollinated styles were used in our culture conditions [96% (Table 2) ], we cultivated fertilized ovules using two pollinated styles (Table 2) (29) . No pollen tubes were attracted to fertilized embryo sacs [0%, n ϭ 68 (Fig.  2H) ], despite the persistence of a synergid cell in the sac. This is not due to the sensitivity of the pollen tube, because the pollen tube is capable of reacting to the attraction signal in the presence of a fertilized embryo sac (14) . In contrast, embryo sacs with a synergid cell that was mechanically disrupted during excision attracted pollen tubes (93%, n ϭ 30), as in the case of laser ablation.
Combined, these results showed that the loss of one synergid cell was not the reason for the cessation of the attraction of the pollen tube to a fertilized embryo sac and that a more active mechanism to halt the attraction exists. One embryo sac or ovule usually accepts only one pollen tube (13, 21, 30) , and multiple pollen tubes in one embryo sac can sometimes cause polyspermy (21) . The cessation of pollen tube attraction to the fertilized embryo sac might be involved in preventing polyspermy in flowering plants at the pollen tube guidance step.
Attraction of the pollen tube by the synergid cell is likely to occur universally in flowering plants, because the synergid cell is present in almost all flowering plants and always appears similar and active in secretory function (15) (16) (17) . Although there are some plants such as Plumbago zeylanica that do not possess any synergid cells, the egg cell of these plants seems to carry out the function of the synergid cell, because some characteristic structure of the synergid cell, such as the filiform apparatus, is observed in the egg cell (31). We propose that in the pistil, the pollen tube approaches the ovule by successive directional controls from the female reproductive system and reaches the effective range of attraction by synergid cells, which appears to be a few hundred micrometers at most (2, 13, 14) . A combination of a genetic approach with the characterization of the chemical properties of the attraction signal using the in vitro T. fournieri system may lead to the identification of such a directional cue derived from the synergid cell. Table 2 . Change in the frequency of attraction resulting from the number of pollen tubes and fertilization. The number of pollen tubes was controlled by the number of styles and anther loculi used. A few hundred pollen tubes grew through one style. The SY was disrupted by laser ablation. Embryo sacs in which one synergid cell degenerated with fertilization or was disrupted mechanically during excision were also monitored. 
